Abstract. Long non-coding RNAs (lncRNAs) have recently been identified in mammals as new modulators of cancer origin and progression participating in various cellular pro cesses. Long intergenic non-coding RNA for kinase activation (LINK-A), belonging to one of the intergenic lncRNAs, was reported to regulate signaling pathways correlated with triple-negative breast cancer. However, the expression and the functional role of LINK-A in glioma are still unclear. In the present study, we demonstrated that LINK-A was upregulated in human glioma cells compared with the expression noted in normal astrocytes. Knockdown of LINK-A inhibited cell proliferation, migration and invasion in U87 and U251 glioma cells. In addition, we found that lactate dehydrogenase A (LDH-A) was regulated by LINK-A, and enforced expression of LDH-A promoted glycolysis and proliferation in glioma cells. More importantly, we found that LDH-A was involved in the LINK-A-mediated proliferation and invasion of glioma cells. Collectively, these results provide new evidence of an important role for LINK-A in the development of glioma.
Introduction
Gliomas account for 30 to 40% of all intracranial tumors. Approximately half of all gliomas in adults are glioblastoma (GBM) the most aggressive subtype with a 5-year survival rate of less than 5% (1, 2) . Currently, some advances have been achieved in regards to multimodal treatments, including surgical extirpation, local irradiation and conventional chemotherapy. However, the overall survival of most glioma patients remains poor, particularly for GBM patients (3, 4) . Mounting efforts have been made to explore the molecules and signaling pathways involved in glioma cell proliferation, migration and invasion (5, 6) . However, the mechanisms are still poorly understood, and the identification of key molecules that show a potential effect on glioma development is still imperative.
Long non-coding RNAs (lncRNAs) are defined as endogenous cellular RNAs more than 200 nucleotides long, which lack a functional open reading frame (7) . Accumulating evidence suggests that lncRNAs are pivotal regulatory molecules that are implicated in diverse biological processes, including epigenetic, transcriptional and post-transcriptional regulatory mechanisms (8) (9) (10) . It has been found that numerous lncRNAs play central roles in the tumor-related gene regulatory system, and dysregulation of their expression is thought to contribute to tumor cell proliferation, invasion and metastasis (11) (12) (13) . Several lines of evidence point to the etiologic role of dysregulated lncRNAs in glioma, including CRNDE, CASC2, HOTAIR, GAS5 and MEG3 (14) (15) (16) (17) (18) .
Recently, Lin et al reported that long intergenic noncoding RNA for kinase activation (LINK-A) is critical to the growth factor-induced normoxic HIF1α signaling pathway in triple-negative breast cancer (19) . However, far less is known concerning the role of LINK-A in glioma as well as the underlying mechanisms. To expand our knowledge regarding the biological function of LINK-A in glioma cells, the present study was designed in an attempt to identify the contribution of LINK-A to the proliferation and invasion of glioma cells, thereby providing novel therapeutic strategies for gliomas.
Materials and methods
Cell culture procedures. U87 and U251 glioma cells, and normal human astrocytes (HAs) were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 100 U/ml penicillin/streptomycin. Cell cultures were maintained at 37̊C in a humidified atmosphere of 5% CO 2 .
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RNA interference (RNAi) analysis and plasmid construction. The following short hairpin RNA (shRNA) was used to target human LINK-A: 5'-TTACTGAGGTTGAATATGT-3'. Recombinant lentiviruses expressing sh-LINK-A or sh-control were produced. The lactate dehydrogenase A (LDH-A) sequences were synthesized and subcloned into the pCDNA3.1 vector. The pCDNA constructs or the empty vector were transfected into glioma cells cultured on 6-well plates according to the manufacturer's instructions.
Real-time PCR analysis. Total RNA was extracted from glioma cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The first-strand cDNA was synthesized from total RNA using the ThermoScript RT-PCR system. In brief, each PCR reaction mixture containing 10 µl of 2X SyBR-Green Master Mix, 1 µl of sense and antisense primers (5 µmol/µl) and 1 µl of cDNA (10 ng MTT assay. U87 and U251 glioma cells were trypsinized, resuspended, seeded into a 96-well plate at a concentration of 2,000 cells/well, and incubated at 37̊C. The number of viable cells was measured at daily intervals. At each time point, 10 µl of 5 mg/ml MTT (DingGuo Biotechnology, Co., Ltd., Beijing, China) was added, and incubation was continued for 4 h. Then, the medium was removed carefully and 100 µl dimethyl sulfoxide was added at the end of the incubation. The absorbance was measured at 490 nm on a spectrophotometer.
Colony formation assay. U87 and U251 glioma cells were seeded into 6-well plates. The medium was replaced at regular time intervals. After 14 days of culture at 37̊C, the natural colonies were washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde for 30 min at room temperature. The colonies were then stained with methylene blue for 10 min, washed with water and air-dried. The total number of colonies with >50 cells was counted under fluorescence microscopy.
Scratch wound assay. U87 and U251 glioma cells were infected with sh-LINK-A or sh-control. Wounds were created in adherent cells using a 20 µl pipette tip, 48 h after infection. The cells were then washed 3 times with PBS to remove any free-floating cells and debris. Medium without serum was added, and the cells were incubated under normal conditions. Wound healing was observed after 24 h under light microscopy. Representative scrape lines were photographed using digital microscopy after the culture inserts were removed. Each experiment was repeated in triplicate.
Invasion assays. Cells (5x10 5 ) were seeded on the top side of a polycarbonate Transwell filter coated with Matrigel (for Transwell matrix penetration assay) in the upper chamber of the QCM™ 24-Well Cell Invasion Assay (Cell Biolabs, Inc., San Diego, CA, USA). For the invasion assay, cells were suspended in medium without serum, and medium supplemented with serum was used as a chemoattractant in the lower chamber. The cells were incubated at 37̊C for 24 h. The non-invasive cells in the top chambers were removed with cotton swabs. The invaded cells on the lower membrane surface were fixed with methanol and stained with crystal violet. Cells were counted visually in 5 random fields under a light microscope (10X objective lens). In addition, invaded cells were dissociated, lysed and quantified at 570 nm using a spectrophotometer.
Western blotting. U87 and U251 glioma cells were lysed with RIPA lysis buffer (Beyotime, Beijing, China). Whole extracts were prepared, and protein concentrations were determined using the BCA protein assay kit (Boster, Wuhan, China). Whole-cell extracts (20 µg) were then fractionated by electrophoresis through 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Gels were run at 120 V for 2 h before transfer onto a polyvinylidene difluoride (PVDF) membrane (Millipore Corporation Billerica, MA, USA). After blocking against non-specific protein binding, nitrocellulose blots were incubated for 1 h with primary antibodies diluted in TBS/Tween-20 (0.075% Tween-20) containing 3% MARVEL. An-LDH-A (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was diluted at 1:500. Following incubation with the primary antibody, blots were washed 3 times in TBS/Tween-20 before incubation for 1 h with goat anti-mouse horseradish peroxidase-conjugated antibody at a 1:10,000 dilution in TBS/Tween-20 containing 5% milk. After extensive washing in TBS/Tween-20, the blots were rinsed with distilled water and proteins were detected using the enhanced chemiluminescence system. Proteins were visualized with a chemiluminescent (ECL) kit (ECL Plus; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Measurement of glucose consumption and lactate production.
LDHA-expressing vector or the emplty vector was transfected into U87 and U251 glioma cells. Cell culture media were collected 48 h after the transfection. Lactate production and glucose uptake were measured using a lactate assay kit (Sigma, St. Louis, MO, USA) and Amplex Red Glucose/ Glucose Oxidase Assay kit (Invitrogen), respectively. The results were normalized according to total cellular protein amounts.
Statistical analysis. All data are expressed as mean ± SD of 3 independent experiments, in which each assay was performed in triplicate. Data were analyzed with SPSS 16.0 software. Evaluation of the data was performed by Student's t-test (two-sided) and one-way ANOVA. P﹤0.05 was considered statistically significant.
Results

LINK-A is upregulated in glioma cells.
The expression levels of LINK-A in glio ma cell lines (U87 and U251) and normal HAs were examined. As shown in Fig. 1A , the mRNA expression of LINK-A was higher in the glioma cell lines than that in the HAs, suggesting that LINK-A upregulation may play important roles in human glioma.
LINK-A promotes cell growth in glioma cells.
To further investigate the function of LINK-A in glioma cells, a lentivirus carrying a specific shRNA against LINK-A (shRNA-LINK-A) to knockdown its expression was infected into U87 and U251 glioma cells. U87 and U251 cells with non-target shRNA (sh-control) served as the control. As shown in Fig. 1B , knockdown of LINK-A significantly decreased LINK-A mRNA expression in the U87 glioma cells compared with that in the sh-control group. Similar results were found in the U251 glioma cells (Fig. 1B) . Then, we performed MTT assays to detect the effects of LINK-A on glioma cell proliferation. As shown in Fig. 2A and B, U87 and U251 glioma cells transfected with shRNA-LINK-A exhibited a lower proliferative rate, in comparison with that noted in the respective sh-control groups. To examine whether LINK-A has an influence on the colony-forming capacity of glioma cells, a colony formation assay was performed in the U87 and U251 glioma cells. The numbers of colonies formed in the shRNA-LINK-A groups were significantly decreased when compared with the numbers in the sh-control groups (Fig. 2C) , suggesting that the reduced expression of LINK-A significantly inhibited colony formation in the glioma cells.
LINK-A promotes glioma cell migration and invasion.
To ascertain whether LINK-A is involved in the migration and invasion of glioma cells, we performed wound healing and invasion assays. The migration assays showed that the migratory rate of the U87 and U251 glioma cells in the shRNA-LINK-A groups was significantly reduced in comparison with the sh-control groups (Fig. 3A) . Similarly, Transwell invasion assays confirmed that LINK-A knockdown reduced the invasion ability of the U87 and U251 glioma cells (Fig. 3B) .
Suppression of LDH-A by LINK-A knockdown.
To explore the molecular mechanism by which LINK-A exerts biological function in glioma cells, we performed qRT-PCR analysis to investigate the effects of LINK-A knockdown on LDH-A, which is frequent aberrantly activated in cancer (20) . qRT-PCR analysis showed that the levels of LDH-A mRNA expression were markedly reduced in the sh-LINK-A-infected U87 and U251 glioma cells compared with levels in the sh-control groups (Fig. 4A) . Similarly, knockdown of LINK-A significantly reduced the protein expression of LDH-A in both the U87 and U251 glioma cells (Fig. 4B) . These results indicated that LDH-A may be involved in the LINK-A-induced proliferation and invasion of glioma cells.
LDH-A promotes glycolysis and cell proliferation.
To assess the biological effects of LDH-A in glioma, LDHAexpressing vector or the empty vector was transfected into U87 and U251 glioma cells, respectively. qRT-PCR and western blot analysis demonstrated that the transfection was successful (Fig. 5A and B) . Next, we examined the differences in metabolic parameters and we found that increased expression of LDH-A largely influenced aerobic glycolysis in the glioma cells, e.g., increased glucose uptake and lactate production ( Fig. 5C and D) . To confirm the role of LDH-A in glioma cells, we performed a proliferation assay in glioma cells. We found that overexpression of LDH-A in the U87 and U251 glioma cells significantly promoted cell proliferation compared with that in the empty vector groups (Fig. 5E ).
LDH-A mediates the tumor-suppressive effects of sh-LINK-A in glioma cells.
To clarify whether the tumor-suppressive effects of shRNA-LINK-A were mediated by LDH-A, we transfected the LDH-A plasmid into the U87 and U251 glioma cells infected by shRNA-LINK-A. In rescue studies, cell proliferation assay results showed that shRNA-LINK-A inhibited glioma cell proliferation and LDH-A promoted glioma cell proliferation. Co-transfection of shRNA-LINK-A and the LDH-A plasmid showed that LDH-A rescued the decrease in glioma cell proliferation by shRNA-LINK-A (Fig. 6A) . Colony formation assay was used to further assess the proliferation ability. As shown in Fig. 6B , overexpression of LDH-A rescued U87 and U251 glioma cell cloning capability inhibited by shRNA-LINK-A. Moreover, overexpression of LDH-A reversed the invasive ability in the LINK-A knockdown glioma cells (Fig. 6C) . Therefore, these results indicate that the tumor oncogene function of LINK-A is via LDH-A in glioma cells.
Discussion
Genome-wide surveys have revealed that ~90% of the genome is actively transcribed into non-coding RNAs (ncRNAs), while ﹤2% of the genome sequences encode proteins (21) . Although ncRNAs were initially argued to be spurious transcriptional noise, recent evidence suggests that the transcriptional noise of the genome may play a major biological role in cellular development and human diseases (22,23). The newly discovered lncRNAs, identified as one type of ncRNAs, are poorly conserved and capable to regulate gene expression at various levels (24, 25) . Generally, lncRNAs have been involved in gene-regulatory roles, such as chromosome dosage-compensation, imprinting, epigenetic regulation, cell cycle control, nuclear and cytoplasmic trafficking, transcription, translation, splicing and cell differentiation (23, 26, 27) . Recently, it has been found that lncRNAs affect many cellular processes in tumor cells, such as cell cycle, proliferation, migration and invasion (28, 29) .
During recent years, an accumulated number of studies have focused on the functional role of lncRNAs in tumorigenesis. Zhang et al reported that HOTAIR is a cell cycle-related lncRNA in human glioma, and its expression is closely related to glioma staging and poor prognosis (30) . In addition, MALAT1 expression was lower than that in normal brain tissues, whereas overexpression of MALAT1 caused significant reduction in cell proliferation and invasion in vitro, and tumorigenicity in both subcutaneous and intracranial human glioma xenograft models. Furthermore, MALAT1-mediated tumor suppression in glioma cells may be via the attenuation of ERK/MAPK-mediated growth and MMP2-mediated invasiveness (31).
Long intergenic non-coding RNA for kinase activation (LINK-A), known as LOC339535, is a highly prognostic lncRNA in triple-negative breast cancer, which mediates HIF1α phosphorylation, and then causes HIF1α stabilization and activation of HIF1α transcriptional programs (19) . In the present study, we found that LINK-A was significantly upregulated in glioma cells. This result prompted us to speculate that downregulation of LINK-A may be essential for glioma cells, and its knockdown may suppress tumor growth of glioma. Via successful cell infection with shRNA-LINK-A, and the detection of glioma cell proliferation, migration and invasion, it was demonstrated that knockdown of LINK-A suppressed the growth of glioma cells. In addition, knockdown of LINK-A and the related assays were also performed to confirm the promoting effect of LINK-A on migration and invasion of glioma cells.
Lactate dehydrogenase A (LDH-A) is thought to be a major molecular mediator of the Warburg effect and to play a critical role in the metabolism of tumor cells (32) (33) (34) . LDH-A increases the efficiency of the LDH complex, allowing the rapid flux via glycolysis that is responsible for the energy needs of rapidly proliferating cells (35) . It has been reported that elevated levels of LDH-A are a hallmark of many tumors, including glioma, and is associated with the clinicopathological features and survival outcomes of patients (36) (37) (38) . Inhibition of LDH-A typically results in accelerated oxygen consumption, reduced cell malignant transformation and markedly delayed tumor formation, indicating the underlying role of LDH-A in tumor initiation or maintenance (20, 39) .
Recently, Lin et al reported that knockdown of LINK-A in triple-negative breast cancer cells markedly reduced the expression of LDH-A, and impaired glycolysis, suggesting that LDH-A may represent an important downstream effector of LINK-A (19) . Therefore, we speculated that LDH-A was probably also regulated by LINK-A in glioma cells. Thus, we determined the levels of LDH-A in LINK-A-knockdown glioma cells. As a result, we found that LINK-A knockdown in glioma cells downregulated the LDH-A expression. Moreover, LDH-A facilitated glucose uptake, lactate production and markedly enhanced cell proliferation in glioma cells. These findings suggest that LDH-A may promote glioma malignant potential via the glycolysis pathway.
To investigate whether LDH-A is involved in the inhibition of cell proliferation and invasion regulated by LINK-A, shRNA-LINK-A was infected into glioma cells where LDH-A was overexpressed by transfection with pcDNA-LDH-A. LDH-A overexpression reversed the inhibitory effect mediated by LINK-A knockdown. Therefore, we conclude that LDH-A is involved in the proliferation and invasion of glioma cells influenced by LINK-A.
In conclusion, we found that knockdown of LINK-A inhibited glioma cell proliferation and invasion. Moreover, the involvement of LDH-A in the proliferation and invasion of glioma cells was mediated by LINK-A. Therefore, LINK-A may serve as an oncogenic lncRNA that promotes proliferation and invasion of glioma cells through LDH-A.
